Abstract
INTRODUCTION
Open thoracotomy provides an excellent access to the chest cavity, but it often requires the division of major thoracic muscles and consistent rib retraction. In order to prevent these disadvantages, in the early 1990s, video-assisted thoracoscopic surgery (VATS) was firstly described as a feasible and safe approach also for anatomic pulmonary resections [1, 2] . Nowadays, VATS lobectomy is advocated over thoracotomy for patients with clinical Stage I lung cancer [3] . This trend is supported by advantages in terms of a better postoperative recovery, namely, the less immunocompetence impairment, the reduction in postoperative pain, the better preservation of pulmonary and shoulder functions and the reduction of postoperative complications rates leading to short hospital stay and early return to normal activities [4] [5] [6] .
The suggested benefits of VATS over open surgery are mostly attributed to reduced surgical trauma with relative preservation of ribcage integrity and consequently less impact on its function. Despite such thesis appears intuitive and obvious, not exhaustive data exist and an analytical assessment to objectify this assumption is still lacking. Therefore, we planned a nonrandomized, prospective, cohort, single-blind study to compare the ribcage kinematics before and after pulmonary lobectomy using opto-electronic plethysmography (OEP). OEP provided a non-invasive measurement of thoraco-abdominal volume variations. It also allowed the separate evaluation of the 2 hemithoraxes, the operated and the contralateral non-operated one, during both spontaneous quiet breathing (QB) and incremental exercise.
Our primary aim was to understand how patients dynamically met the increasing ventilatory demands while pedalling on a cycle ergometer after pulmonary lobectomy performed via VATS or postero-lateral thoracotomy (PLT). Particular attention was paid to the expansion of the operated ribcage in opposition to the contralateral non-operated, with the hypothesis that the former would be more restricted after PLT than after VATS.
MATERIALS AND METHODS

Patients
This is an observational, single-centre, cohort study performed at the thoracic surgery and lung transplantation unit. From January to October 2015, we prospectively evaluated all consecutive patients affected by clinical Stage III non-small-cell lung cancer and scheduled for pulmonary lobectomy. Inclusion criteria were: age > _18 years, ability to tolerate general anaesthesia and cardiopulmonary reserve to tolerate a lobectomy. Exclusion criteria were: previous thoracic surgery, body mass index > _35, chronic pain, use of analgesics, intensive care unit stay >72 h and chest tube duration >10 days.
After the usual clinical and disease-specific preoperative assessment, patients underwent pulmonary lobectomy via minimally invasive the approach (VATS group) or PLT (open group). The decision for minimally invasive approach or PLT followed our usual clinical strategy, regardless of the study enrolment. Patients were candidate to PLT if (i) lesions were close to the hilum or other relevant anatomical structures, (ii) computed tomography demonstrated hilar calcific lymph nodes or (iii) the lesions were greater than 4 cm in diameter. If none of these criteria was present, patient was therefore candidate to VATS approach.
The protocol was approved by the ethics local committee of Fondazione 'Ca' Granda' Ospedale Maggiore Policlinico, Milan, Italy (approval number: 2583) and was performed in agreement with the Helsinki Declaration.
Informed consent statements were signed by each participant.
Surgical procedures
According to the Copenhagen approach, VATS started with the 'utility' incision, approximately 4 cm in length, anterior to the latissimus dorsi muscle at the fourth intercostal space. The serratus anterior fibres were preserved and a wound protector was placed in site without rib spreading. The camera port was placed in the sixth or seventh intercostal space at the anterior axillary line and a third 10-mm access was made at the same intercostal space at the posterior axillary line; the hilum was approached anteriorly [7] . PLT consisted in a standard 10-15 muscle-sparing incision at the fourth intercostal space, preserving both the serratus anterior and the latissimus dorsi muscles; rib divaricators were utilized and the hilum was approached posteriorly [8] .
Upon completion of surgical procedures, one chest tube was placed through separate stab incision for PLT or through the camera port for VATS; the tube was connected to a digital drainage system (Thopaz Digital Chest Drainage System, Medela AG, Switzerland) to monitor air leakage and fluid collection.
Measurements
Before surgery (T 0 ), absolute lung volumes, as total lung capacity, functional residual capacity and residual volume, were measured with a body plethysmograph (BPd-HD, nSpire Health, Longmont, CO, USA) [9] .
Forced vital capacity and forced expiratory volume in 1 s (FEV 1 ) were measured (SPIROLAB, Medical International Research, Rome, Italy) at T 0 and after chest tube removal (T 1 ) [10] . Predictive postoperative FEV 1 was also computed [11] .
The exercise protocol included a 6-min walk test [12] . The resulting 6-min walk distance (6MWD) was used to estimate the maximum work rate (W MAX ) to be achieved during an incremental cycle ergometer test [13] . After 1 h of rest, an incremental pedalling exercise was performed. Patients were required to sit on the bike for 3 min of spontaneous QB and then the exercise test started with 2 min of warm-up at 0 W, followed by stepwise increasing work rate (20% of W MAX every 90 s) until W MAX or the limit of tolerance. The pedalling frequency was maintained between 60 and 70 rpm.
During QB and exercise, OEP (Smart System BTS, Milan, Italy) [14, 15] was used to measure the volume variations of the chest wall (DV CW ) and its 2 compartments: the ribcage (DV RC ) and the abdomen (DV AB ). DV RC and DV AB of the operated (DV RC-OP and DV AB-OP , respectively) and the contralateral non-operated side (DV RC-NO and DV AB-NO , respectively) were also considered. Starting from chest wall volume trace, tidal volume, breathing frequency and minute ventilation were computed on a breathby-breath basis of the last 30 s of QB and of each exercise workload. Similarly, DV RC , DV AB , DV RC-OP , DV AB-OP , DV RC-NO and DV AB-NO were determined as well.
Patients were asked to rate the magnitude of their dyspnoea and leg discomfort by the modified Borg's 0-10 category ratio scale after QB, at 60% of W MAX and upon termination of the exercise end [16] . Before the exercise test, the 11-point scale Numeric Rating Scale for patient self-reporting of pain was administered [17] .
The exercise protocol and measurement were scheduled at T 0 after the chest tube removal (T 1 ) and 2 months after surgery (T 2 ).
The OEP operator was blind with respect to the surgical approach.
Statistical analysis
Anthropometry, clinical data and lung function data were tested between the 2 groups using one-way analysis of variance with the type of thoracic access as independent factor. When the equal variance test failed, the Kruskal-Wallis one-way analysis of variance on ranks was chosen (SigmaStat 3.5, Systat Software, Inc., San Jose, CA, USA). The differences induced by surgery within the 2 groups during QB and the incremental exercise were analysed using a linear mixed model (R Foundation for Statistical Computing, Vienna, Austria) by comparing all parameters at T 0 , T 1 and T 2 . We include workload and time as covariates in a random slope mixed-effect model, using subject as random effect. The model parameter estimation was performed using restricted maximum likelihood, with unstructured variance covariance matrix. Assumptions of analysis of variance and linear mixed-effect model were checked using residual analysis.
Data are presented as mean ± standard deviation with the level of significance set at P < 0.05.
This can be considered a pilot study. No data are available in the literature on ribcage expansion after lobectomy. For this reason, it was not possible to perform the sample size calculation. Moreover, post-experiment power calculation is shown to be fundamentally flawed [18] .
RESULTS
Thirty-one patients completed the entire protocol: 20 patients belonged to the VATS and 11 to the open group (Fig. 1) .
VATS was older than open group, whereas anthropometric data, the number of removed pulmonary segments, tumour diameter and volume did not differ between the 2 groups ( Table 1 ). The chest tube permanence and the hospital stay were respectively 2.05 and 2.71 days shorter after VATS lobectomy.
T 1 was 4.4 ± 4.0 and 3.4 ± 5.5 days (P = 0.213) in the open and VATS group, respectively.
In both groups, Numeric Rating Scale was zero at T 0 , increased at T 1 , being higher in the open than in the VATS group (3.70 ±1.95 vs 1.50 ±1.0; P = 0.003) and almost restored to baseline value at T 2 , with no difference between groups (0.75 ± 1.39 vs 0.77 ± 1.17; P = 0.679).
Baseline static lung volumes before surgery were similar between the 2 groups when expressed in litres or as percentage of predicted values (Table 1) . In both groups, forced vital capacity and FEV 1 significantly decreased after surgery. Their ratio, Tiffeneau index, was similar between the 2 groups and remained almost constant before (VATS group: 72.5 ± 6.8; open group: 75.8 ± 12.5; P = 0.093) and immediately after surgery (VATS group: 74.4 ± 15.1; open group: 74.7 ± 13.7; P = 0.94). When expressed as percentage of the predicted values, FEV 1 was higher in VATS than open group at both T 0 and T 1 (Fig. 2) Dyspnoea score was significantly higher at T 1 during QB and exercise in both groups. Dyspnoea almost restored to baseline values at T 2 ; notably, the open group still showed higher score at 60% of W MAX . Leg discomfort did not change before and after surgery either in the open or in the VATS group (Fig. 3) .
Minute ventilation increased in the VATS group after surgery, while respiratory rate rose with exercise in both groups at T 1 . Respiratory rate restored to baseline values in the open group and remained higher in the VATS group at T 2 . Tidal volume changed only at T 1 in open group being significantly lower at rest and high level of exercise (Fig. 4) . The diminution of tidal volume was completely due to DV RC . The ribcage, in fact, expanded less in the open group, at T 1 and T 2 during QB and from 60% of W MAX . This restricted pattern of the whole ribcage after PLT was completely ascribed to the reduced contribution of DV RC-OP . In fact, after surgery, an asymmetric expansion of the 2 hemi-thoraxes occurs, whereas at T 0 , DV RC-OP and DV RC-NO were identical in both the considered groups. At T 1 , DV RC-OP was significantly lower also after VATS, but the expansion of the entire ribcage compartment was not affected by the procedure, being identical to T 0 . This preserved pattern of the whole ribcage after VATS was completely ascribed to the contralateral non-operated ribcage side. DV RC-NO , in fact, increased at high levels of exercise therefore compensating for the reduced expansion of the operated side. At T 2 , while VATS group almost completely restored their original DV RC-OP , the open group still showed restriction in the operating ribcage side. Moreover, patients after VATS still presented higher DV RC-NO expansion at peak exercise (Fig. 5) .
The expansion of the abdominal compartment as a whole and of the operated side were not affected by the procedures. On the other hand, DV AB-NO increased at T 2 in the open group starting from 40% of W MAX with no changes in the VATS group (Fig. 6) .
DISCUSSION
For the first time, we demonstrate the different impact of VATS and PLT on the ribcage and chest wall of patients who underwent pulmonary lobectomy. There are many evidences that the outcome after VATS approach is better in terms of morbidity, complication rates and length of stay. Although apparently intuitive, this advantage is only partly explained by less postoperative pain and better recovery of respiratory muscle and shoulder function [19, 20] .
We have put evidence that, with respect to preoperative baseline measurements, immediately after chest tube drainage removal and 2 months after surgery, the operated ribcage and consequently the entire compartment expands less after PLT. This happens not only during exercise but also during spontaneous QB, resulting in reduced tidal volume. On the other hand, VATS seems to preserve ribcage expansion, with the operated side being restricted in the early period only from moderate exercise and almost restored in the medium period. We have also shown how patients adopt 2 different compensatory mechanisms, by shifting the expansion towards the contralateral ribcage after VATS and towards the non-operated contralateral abdominal side after PLT.
The restrictive effects and the impact of the 2 surgical approaches in the early and in the medium period are analysed below.
At rest, during QB and immediately after chest tube drainage, ventilatory and thoraco-abdominal pattern is similar to preoperative values in VATS group. On the other hand, tidal volume of patients after PLT is reduced because the operated ribcage is restricted and makes the entire compartment contribute less.
During exercise, when the ventilatory demands increase, DV RC is limited, independently on the surgical procedure. The volume variation of the whole ribcage, and consequently the tidal volume, is lower after PLT and preserved after VATS. This difference is entirely ascribed to DV RC-NO . Compared with preoperative measurement, the volume change of the non-operated side of the ribcage is higher in the VATS group but not in the open group. After VATS, therefore, the non-operated hemi-thorax compensates for the surgically induced ribcage restriction, but this does not happen after PLT.
The elements that may affect ribcage kinematics after thoracic surgery are the removal of lung parenchyma and the damage to muscles and tissues as a consequence of the surgical access. The former is similar in both groups, having deliberately considered Figure 5 : Volume variations of the whole ribcage (DV RC , top), of its operated side (DV RC-OP , middle) and the contralateral non-operated side (DV RC-NO , bottom) of patients who underwent lobectomy by PLT (left) and by VATS (right). Measurements were acquired at rest during QB, during unloading pedaling (0 W) and every 20% of maximal workload. Data are reported as mean ± 1 SD before surgery (T 0 , blue symbols), after the chest tube removal (T 1 , red symbols) and 2 months after surgery (T 2 , grey symbols). *P < 0.05: T 1 vs T 0 ; **P < 0.01: T 1 vs T 0 ; ***P < 0.001: T 1 vs T 0 ; P < 0.05: T 2 vs T 0 ; P < 0.01: T 2 vs T 0 ; P < 0.001: T 2 vs T 0 . PLT: postero-lateral thoracotomy; VATS: video-assisted thoracic surgery; QB: quiet breathing. only lobectomy; therefore, the latter should be mainly responsible for the differences in ribcage expansion.
In line with other authors [5, 21, 22] , the open group lamented higher chest pain compared with the VATS group. As there is no reason to postulate any surgically induced effect on the contralateral non-operated side, we can speculate that postoperative chest pain prevents it to compensate for the deficit of the operated hemi-thorax in open group. As a result, the whole compartment is restricted, and this makes tidal volume reduce and exercise stop earlier after PLT. The restrictive breathing pattern associated with the highest postoperative pain in open surgery seems to be the reason why in clinical practice VATS patients show a better and faster postoperative course.
Two months after surgery, the restrictive effect concerns only the open group whose operated ribcage, like the whole compartment, still expands less at rest and at high level of exercise.
Tidal volume is restored to preoperative values, thanks to increased DV AB-NO .
Almost no restriction of the operated hemi-thorax is present in VATS patients who still maintain contralateral ribcage compensation at high level of exercise.
These results suggest that the surgical approach is the main determinant of changes in the ribcage function after 2 months, as pain is no more a distinctive issue between the groups.
The complete recovery in VATS indicates that after 2 months the impact of the procedure on the mechanics of the ribcage is so minimal that the compartment is able to expand equally to preoperative values.
Time of operation could be a determinant factor. Longer duration of rib spreading can likely determine a greater impact on the ribcage kinematics, at least in the short period. As surgery duration is similar between the 2 procedures, we can speculate that the main causes of thoracic restriction in PLT are: (i) the trauma induced by the Finochietto retractor, (ii) the fastening of the intercostal spaces due to intercostal suture and (iii) the very extension of the incision. The non-operated ribcage, therefore, meets a higher contralateral compliance, and for this reason, it is not able to counterbalance the restriction of the operated side. Interestingly, these patients develop an alternative compensatory mechanism by highly recruiting the abdomen in the non-operating side where the inspiratory muscles, specifically the diaphragm, may find a better compliance.
It would be interesting to monitor the open group in the long period to verify whether the operated ribcage recovers like VATS group or whether it remains restricted. It would be also interesting to quantify the impact of the anterolateral approach and to compare it with PLT and VATS.
The limitations of the study are: (i) the non-randomization of the groups due to ethical reasons. This may have introduced potential bias to the results. The only 2 preoperative differences are VATS group to be older with a better percentage FEV 1 . The former would have negatively influenced our data, as chest wall stiffens with age, although 5 years at this age are unlikely to affect [23, 24] . The percentage FEV 1 was lower in open group, but never < 80%, and predicted postoperative FEV 1 was similar between the groups and always >60%. FEV 1 values of PLT (and VATS) patients therefore were above the thresholds of perioperative risk that would affect the surgical outcome [25, 26] . Moreover, absolute lung volumes and vital capacity were similar to VATS, and the Tiffenau index excluded the presence of a restrictive lung disease that might hinder thoracic kinematics. Tumour size, surgical duration, exercise performance, ventilatory pattern and breathlessness sensation were all similar between the 2 groups. Most importantly, the expansion of the 2 hemi-thoraxes, the main outcome, was identical before surgery in both groups. For this reason, the asymmetric ribcage expansion after surgery has to be completely ascribed to the surgical approach and not to possible baseline bias; (ii) T 1 definition, being longer after PLT; but this would have ameliorative effect on open group, having 3.4 more days to recover after surgery and (iii) the relative small sample size with numerical difference between groups. The former has been overcome by the repeated-measures design that is one of the strengths of the study, and it is mainly due to the strict criteria of exclusion. In this way, we obtained smaller but homogeneous populations in terms of type of parenchymal resection, duration of intensive care unit stay and maximal duration of chest tube. We believe this to be a force of the article: the remaining lung function is comparable, patient after longer intensive care unit stay would have been weaker, whereas after longer chest tube duration they would have more time to recover from surgery. The different numerosity of the 2 groups is due to the fact that VATS is nowadays the recommended surgical approach, when applicable.
The other strong point is the use of specific outcomes that allow to selectively quantify the thoraco-abdominal contribution of the operated and non-operated sides. In fact, the 2 groups differed only for specific thoraco-abdominal patterns after surgery and not for spirometry and breathlessness sensation that both worsened at T 1 independently on the surgical approach.
The results not only confirm VATS to have a reduced impact on ribcage kinematics over PLT, but they also suggest the need for specific physiotherapy targeted according to the surgical approach. After thoracotomy, patients may benefit from chest physical therapy aimed to increase the expansion the nonoperated ribcage side in order to restore preoperative tidal volume.
For the first time, VATS is shown to have a reduced impact on ribcage expansion being the mechanism that comes into play in early postoperative period, with PLT-induced restriction still present 2 months after surgery.
